Kalirin regulates cortical spine morphogenesis and disease-related behavioral phenotypes
Dendritic spine morphogenesis contributes to brain function, cognition, and behavior, and is altered in psychiatric disorders. Kalirin is a brain-specific guanine-nucleotide exchange factor (GEF) for Rac-like GTPases and is a key regulator of spine morphogenesis. Here, we show that KALRN-knockout mice have specific reductions in cortical, but not hippocampal, Rac1 signaling and spine density, and exhibit reduced cortical glutamatergic transmission. These mice exhibit robust deficits in working memory, sociability, and prepulse inhibition, paralleled by locomotor hyperactivity reversible by clozapine in a kalirin-dependent manner. Several of these deficits are delayed and age-dependent. Our study thus links spine morphogenic signaling with age-dependent, delayed, disease-related phenotypes, including cognitive dysfunction.
prefrontal cortex ͉ kalirin-7 ͉ schizophrenia ͉ Alzheimer's disease ͉ synaptic plasticity M ost excitatory synapses in the mammalian forebrain are located on dendritic spines. Structural and functional modifications of spiny synapses are central to brain development, plasticity, and contribute to cognitive functions and behavior (1) . Conversely, spine morphogenesis is altered in neuropsychiatric diseases (2) .
Small GTPases are central regulators of dendritic spine morphogenesis. Kalirin, a brain-specific GEF for Rho-like small GTPases (3, 4) , is a key regulator of spine morphogenesis, with expression restricted mainly to the cerebral cortex and hippocampus (5) . The KALRN gene produces several kalirin isoforms generated by alternative splicing (6) . Kalirin-7 is the most abundant isoform in the adult brain, with expression undetectable at birth and increasing during synaptogenesis (7) . Kalirin-7 directly activates Rac1 and is concentrated in the postsynaptic densities (PSD) of spines through interactions with scaffold proteins, including PSD-95 (8, 9) . In pyramidal neurons, kalirin-7 regulates postsynaptic actin dynamics, spine maturation (10), maintenance (11, 12) , and activity-dependent plasticity (7) .
Reduced forebrain kalirin mRNA expression has been detected in neuropsychiatric disorders including schizophrenia (13, 14) and Alzheimer's disease (15, 16) , and genome-wide studies have found an association of the KALRN gene with adult attention deficit hyperactivity disorder (ADHD) and schizophrenia (17, 18) . Interestingly, impaired working memory is a core feature of all of these disorders (19) (20) (21) (22) (23) . We thus hypothesized that the absence of KALRN will result in specific behavioral phenotypes with relevance for psychiatric disorders, including deficient spatial working memory. To model the effects of kalirin loss on forebrain synaptic structure and behavior, we ablated the KALRN gene in mice. Surprisingly, we found that the knockout of KALRN produces striking, yet selective, age-dependent, anatomical, functional, and behavioral deficits, which resemble disease-related phenotypes.
Results

Kalirin Affects Cortical Spine Morphogenesis In Vivo.
To investigate kalirin-dependent phenotypes, we knocked out the KALRN gene in mice (Fig. 1A-C) . KALRN-knockout mice (KO) are viable, fertile, and display no gross anatomical deficits. All kalirin proteins were absent from the KO brains (Fig. 1D) . The abundance of kalirininteracting proteins and glutamate receptor subunits in cortical and hippocampal homogenates did not differ between KO and WT mice (Fig. 1E, and Fig. S1 A-D) . Surprisingly, although kalirin was absent from both the KO cortex and hippocampus, Rac1 activity (Rac1-GTP) was only reduced in the cortex of KO mice (WT cortex, 1 Ϯ 0.13; KO cortex, 0.73 Ϯ 0.12; P Ͻ 0.05; WT hippocampus, 1 Ϯ 0.25; KO hippocampus, 1.09 Ϯ 0.17; P Ͼ 0.05; Fig. 1F ). As an additional control, we assessed Rac1-GTP levels in the hypothalamus as this region expresses low levels of kalirin (5) . Indeed, we found that hypothalamic Rac1-GTP levels did not differ between KO and WT animals (WT, 1 Ϯ 0.12; KO, 1.08 Ϯ 0.06; P Ͼ 0.05; Fig. 1F ).
Cdc42 is a Rho-like small GTPase with an established role in facilitating spine morphogenesis (24) . However, unlike Rac1, Cdc42 is not activated by kalirin (9) . We found that relative to WT mice, active Cdc42 levels were not altered in either the hippocampus or cortex of KO animals (P Ͼ 0.05; Fig. S1 E-G) . This further indicates that kalirin loss produces a specific deficit in cortical Rac1-GTP levels.
Because kalirin is a key regulator of spine morphogenesis and maintenance in forebrain pyramidal neurons, we compared spine density in the frontal cortex (layer V) and hippocampus (CA1) in 12-week-old KALRN KO and WT mice. Golgi staining revealed a significant reduction in spine density in the KO frontal cortex (spines per 10 m of dendrite: WT, 9.33 Ϯ 0.29; KO, 6.23 Ϯ 0.14; P Ͻ 0.0001; Fig. 2A Fig.  2 C and D) . This paralleled the reduced Rac1-GTP levels in the cortex, but not in the hippocampus, of KO mice.
We thus focused our further investigations on the frontal cortex. By imaging live dye-filled layer V pyramidal neurons in frontal cortex slices using 2-photon laser scanning microscopy (2P-LSM), we compared dendritic spine density on oblique dendrites in 12-week-old KO and WT mice. We detected a reduction in spine density in 12-week-old KALRN KO mice (spines per 10 m of dendrite: WT, 8.79 Ϯ 0.67; KO, 5.28 Ϯ 0.37; P Ͻ 0.0001; Fig. 2 E and F), similar to that observed by Golgi staining. Neurons from 12-week-old KO and WT mice did not differ in mean spine area or length (Fig. S2 A) .
We also examined the spine density of frontal cortical layer V pyramidal neurons in 3-week-old KO and WT mice using 2P-LSM.
Interestingly, the spine density of 3-week-old KO mice did not significantly differ from that of 3-week-old WT mice (spines per 10 m of dendrite: WT, 10.13 Ϯ 0.35; KO, 8.81 Ϯ 0.57; P Ͼ 0.05 Fig.  2 E and G) , and the spine density reduction in KO mice became more prominent with age (age ϫ genotype: F (1, 38) ϭ 5.08; P Ͻ 0.05; Fig. 2H ). Similar to 12-week-old animals, neurons from 3-week-old KO and WT mice did not differ in mean spine area or length (Fig. S2B) .
Individual mature cortical pyramidal neurons (DIV28) from KO mice had a significantly lower spine density compared with WT neurons and the overexpression of kalirin-7 rescued this deficit ( Fig. S2 C and D) . Impaired Cortical AMPAR-Mediated Synaptic Transmission in KALRN KO Mice. Kalirin modulates AMPA receptor (AMPAR) maintenance in spines and AMPAR-mediated synaptic transmission in cortical pyramidal neurons (7) . Indeed, AMPAR-mediated synaptic transmission was significantly reduced in layer V KO pyramidal neurons from acute frontal cortical slices (Fig. 3A) . KO neurons showed a significant reduction in AMPA mEPSC frequency (WT, 4.26/s, range 2.39-5.15; n ϭ 7 cells; KO, 2.25/s, range 1.14-3.61; n ϭ 7 cells; P Ͻ 0.05; Fig. 3B and Fig. S3C ), but no significant difference in mEPSC amplitudes (WT, 11.8 pA, range 9.5-13.1; n ϭ 7 cells; KO, 13.3 pA, range 9.7-17.5; n ϭ 7 cells; P Ͼ 0.05; Fig. 3B and Fig.  S3D ).
Expression levels of GluR1 and GluR2/3 in cortical and hippocampal lysates were not different between WT and KO ( Fig. S3A  and B) . Furthermore, the expression levels of the presynaptic proteins VGLUT, VGAT, and synaptoporin were unaltered in KO mice ( Fig. S3A and B) . There was no difference in mEPSC rise (P Ͼ 0.05) or decay times (P Ͼ 0.05; Fig Specific Behavioral Alterations in KALRN KO Mice. Spine morphogenesis and its regulators are associated with cognitive functions in humans (25) , and deficits in cognitive functions, especially working memory, occur in certain psychiatric disorders, such as schizophrenia, ADHD, and Alzheimer's disease (19) (20) (21) (22) (23) . To determine whether the absence of KALRN affected specific cognitive functions, we tested spatial working and reference memory in 12-weekold animals using established methods for the Morris water maze (26) . Before testing, all animals underwent training with a visible platform, which indicated that KO animals did not have gross deficits that would preclude accurate memory assessment (Fig.  S4A ). Using a 2-trial matching-to-sample Morris water maze task to test spatial working memory (26), we found that unlike WT mice, KO mice failed to improve their performance in the second trial vs. the first trial across the 5 testing days, indicative of impaired spatial working memory in the KO mice [trial ϫ genotype: F (1, 22) ϭ 8.07; P ϭ 0.01; Fig. 4A ].
Using a trial-independent Morris water maze task to assess spatial reference memory (26), we compared the learning capability of adult KO and WT mice over a 5-day period (6 trials per day). We found main effects for day [F(2.5, 55.7) ϭ 9.36; P Ͻ 0.001], trial [F(3.6, 80.4) ϭ 22.49; P Ͻ 0.001], and genotype [F (1, 22) ϭ 13.07; P Ͻ 0.005]; however, there was no interaction of genotype by trial or day (P Ͼ 0.05) in this task, indicating that both KO and WT mice improved across trials and testing days (Fig. 4B) . To assess longterm capabilities across testing days, we compared the reference memory performance for trial 1 only on all 5 testing days. We found that the performance of KO mice differed from WT mice on day 2 only (P Ͻ 0.05), with no interaction of genotype by day (P Ͼ 0.05) (Fig. 4C) . Last, a probe trial conducted on the final testing day showed that KO and WT mice spent a similar percentage of time searching the target pool quadrant for the removed platform (WT, 41 Ϯ 2.85; KO, 47 Ϯ 4.66; P Ͼ 0.05; Fig. 4D ), and both groups of animals showed an above chance preference for the target quadrant (P Ͻ 0.0005).
We used the Y-maze as an additional means of testing reference and working memory (27) . Using an arm recognition task in the Y-maze, we further confirmed that KO mice have intact reference memory (Fig. S4B) . We assessed spontaneous alternation behavior as a test of working memory in the Y-maze and further confirmed a deficit in adult (12-week-old) KO mice (% of 3-arm alternations: WT, 73 Ϯ 2.40%; KO, 51 Ϯ 2.14%; P Ͻ 0.001; Fig. 4E ). Because spine loss in KO mice was age-dependent, we determined whether working memory deficits were also age-dependent by assessing 3-week-old mice in the spontaneous alternation task. KO and WT mice of this age performed similarly (% of 3-arm alternations: WT, 63 Ϯ 2.77%; KO, 59 Ϯ 2.80%; P Ͼ 0.05, Fig. 4E ) and both groups performed above chance levels (P Ͻ 0.05). Furthermore, we found a significant interaction of genotype by age for spontaneous alternation [F (1, 31) ϭ 14.48; P Ͻ 0.001] indicating an age-dependent progressive impairment in working memory in KO mice.
Sensory-motor gating deficits are common in mice with genetically-induced glutmatergic hypofunction (28) (29) (30) . In addition, sensory-motor gating deficits are prevalent in schizophrenia patients and are characteristic of schizophrenia animal models (31) (32) (33) (34) (35) . Prepulse inhibition (PPI) reflects the dampening of the mammalian startle response to an intense auditory stimulus when it is preceded by an innocuous auditory prepulse stimulus by an innocuous auditory prepulse stimulus (36) . We found that KALRN KO animals showed a significantly reduced PPI response relative to WT mice across a range of prepulse intensities [F (1, 15) ϭ 8.81, P Ͻ 0.01; Fig. 4F ], indicative of impaired sensory-motor gating.
Abnormal social behavior is prevalent in certain psychiatric disorders and associated animal models (35, 37, 38) . To assess the sociability of KALRN KO mice, we used a 3-chamber social behavior apparatus to quantify the preference of a test mouse for either a live mouse or an inanimate object (39) . For each animal, the test consisted of a habituation phase, in which no stimulus mouse was present, and a testing phase in which a stimulus mouse and an inanimate object were present in separate chambers. The end chamber containing the stimulus mouse was designated the social side, and the end chamber containing the inanimate object was designated the nonsocial side. We found that WT mice spent more time in the social side when the stimulus mouse was present than KO mice (time in seconds: WT, 182.00 Ϯ 16.82; KO, 139.80 Ϯ 8.70; P Ͻ 0.01) and less time in the nonsocial side when the stimulus mouse was present than KO mice (time in seconds: WT, 65.70 Ϯ 10.25; KO, 106.70 Ϯ 8.38; P Ͻ 0.01) (Fig. 4G) . We also calculated a social approach score (Methods) for the habituation phase and testing phase for KO and WT mice. We found main effects for genotype [F (1, 36) ϭ 4.39; P Ͻ 0.05] and trial [F (1, 36) ϭ 8.50; P Ͻ 0.01]. Furthermore, we found a significant social approach interaction of trial ϫ genotype [F (1, 36) ϭ 5.17; P Ͻ 0.05; Fig. 4H ]. This indicates that in the presence of the stimulus mouse, KO mice show a reduced social approach relative to WT mice.
Locomotor hyperactivity is a common feature of mice hypomorphic for genes associated with glutamatergic signaling (29, 40). Locomotor hyperactivity is also a common feature of mice with genetic abnormalities associated with schizophrenia (31, 41) . Interestingly, KALRN KO mice showed more spontaneous motor activity in an automated cage than WT mice over a 1-h period (pixels/s: WT, 22.32 Ϯ 3.70; KO, 38.99 Ϯ 4.03; P ϭ 0.001; Fig. 5A ).
To determine whether hyperactive behavior was age-dependent, we compared the spontaneous motor activity of 3-week-old KO and WT mice in an automated cage for 1 h and found no differences in activity between juvenile mice (pixels/s: WT, 61.31 Ϯ 3.85; KO, 61.42 Ϯ 6.23; P Ͼ 0.05; Fig. S4C ). In addition, we compared the activity levels of 3-week-old and 12-week-old KO and WT mice in a choice-driven Y-maze task (42) . Interestingly, whereas the activity level of 3-week-old WT and KO mice did not significantly differ from each other (time to complete task relative to 3-week-old WT: WT, 1 Ϯ 0.10; KO 0.80 Ϯ 0.07; P Ͼ 0.05; Fig. 5B ), 12-week-old KO mice showed higher activity levels than 12-week-old WT mice (time to complete task relative to 3-week-old WT: WT, 0.83 Ϯ 0.097; KO, 0.44 Ϯ 0.05; P Ͻ 0.001; Fig. 5B ), indicating age-dependent delayed occurrence of hyperactivity.
We showed that KALRN KO mice perform at chance levels in spontaneous alternation in the Y-maze, and KO mice also exhibited hyperactive choice-driven behavior in this task. In these tasks, the Y-maze was surrounded by distal, extra-maze cues in the absence of proximal, intra-maze cues. To assess Y-maze performance in the presence of intra-maze cues, we tested KO and WT mice in the Y-maze in which a single unique intra-maze cue was placed in each arm. We found that the performance of KO and WT mice did not differ in this task (% of 3-arm alternations: WT, 67 Ϯ 2.94%; KO, 70 Ϯ 3.63%; P Ͼ 0.05; Fig. 5C ), suggesting that KO mice are able to use intra-maze cues to guide spontaneous alternation behavior. Interestingly, KO mice still exhibited hyperactive behavior in this task (time to complete task: WT, 13.59 Ϯ 1.00 min; KO, 7.62 Ϯ 1.22 min; P Ͻ 0.01; Fig. 5D ), suggesting a disassociation between Y-maze spontaneous alternation performance and activity levels.
Clozapine is an atypical antipsychotic with established efficacy in treating some schizophrenia symptoms (43) , and acute administration attenuates hyperactive behavior in some animal models (31) . To determine whether acute clozapine administration reversed the hyperactive behavior of KO mice, we administered clozapine (2 mg/kg) or vehicle to 12-week-old mice, and assessed choice-driven activity levels in the Y-maze (intra-maze cues were absent). Vehicle-treated KO mice were more active than vehicle-treated WT mice (P Ͻ 0.05); however, clozapine did not affect the activity level of WT mice (time to complete task: vehicle, 15.97 Ϯ 1.22 min; treated, 15.95 Ϯ 1.64 min; P Ͼ 0.05) or KO mice (vehicle, 8.4 Ϯ 0.96 min; treated, 9.60 Ϯ 0.91 min; P Ͼ 0.05; Fig. 5E ). However, 75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 We also determined the effects of clozapine treatment on working memory in the Y-maze and found that clozapine did not significantly alter the spontaneous alternation working memory of WT, KO, or HET mice (P Ͼ 0.05; Fig. S4D ). This is consistent with human studies showing that clozapine has limited efficacy in improving cognition in schizophrenia subjects (44) .
Discussion
Here we examined the structural, functional, and behavioral consequences resulting from ablation of the KALRN gene in mice, and characterize roles for KALRN in cortical Rac activation, cortical connectivity, and specific behavioral phenotypes in vivo. Our data present a clear relationship between regional loss of Rac activity and regional loss of spine connectivity in KALRN KO animals. We also find that mice with ablation of the KALRN gene show functional deficits and striking, yet selective, behavioral phenotypes. Moreover, several of the behavioral deficits showed an age-dependent manifestation.
We found that KALRN KO mice exhibited significant reductions in Rac1-GTP levels and spine loss in the frontal cotex, whereas Rac1-GTP levels and spine density were preserved in the hippocampus. Why was there a reduction of cortical but not hippocampal connectivity in KALRN KO mice? Kalirin is the only known RacGEF with significant expression levels in the cortex of adolescent and adult animals, whereas other RacGEFs retain high expression in the adult hippocampus but not cortex (3). The different regional and temporal expression of kalirin relative to other RacGEFs helps explain the selective cortical deficits in Rac-GTP and spine density in KALRN KO animals: Even in the absence of kalirin expression, other RacGEFs might be sufficient to activate Rac1 at normal levels in the KO hippocampus resulting in unaltered hippocampal spine connectivity, whereas in the cortex KALRN is necessary for normal Rac activity and spine connectivity.
We found that whereas working memory was impaired in KO animals, reference memory was intact. Working memory requires a reciprocal network connection between the prefrontal cortex and hippocampus (45, 46) . Conversely, reference memory is hippocampal-dependent and persists even in the presence of prefrontal cortical inactivation (45) . Because spines contribute to synaptic connectivity in cortical networks (47) , the contribution of the frontal cortex to cognition may be reduced in KALRN KO mice.
The age-dependent delayed functional and behavioral impairments in schizophrenia have been difficult to explain in humans and to model in animals (48) . The causes of delayed decline in schizophrenia are not known, but excessive synapse elimination, or defective synapse formation and turnover, are hypothesized to play a role (49) . Here, we find that the synaptic and behavioral profile of KALRN KO mice is normal during early postnatal development (3-week-old), whereas synaptic and behavioral dysfunctions are apparent during young adulthood (12-week-old) . This study may thus shed some light on this issue. The late onset of spine loss in KO mice suggests that rather than deficient spine formation, excessive synaptic pruning, possibly because of a reduction in spine stability, may occur in the developing KALRN KO cortex. The develomental expression profile of kalirin may explain this delayed and agedependent synaptic and behavioral decline in KALRN KO mice (see SI Text).
A recent study examined mice with a deletion of the exon encoding a short peptide targeting kalirin-7 to spines (⌬kalirin-7 mice) (12) . The removal of the exon encoding the C terminus of kalirin-7 resulted in a compensatory up-regulation of the nonsynaptic kalirin-8, -9, and -12 isoforms. This resulted in an approximate 25% reduction in total forebrain kalirin protein even though kalirin-7 accounts for Ϸ75% of total kalirin in the adult WT forebrain. Interestingly, ⌬kalirin-7 mutant mice and KALRN KO mice show several differences in neuronal ultrastructure. Notably, ⌬kalirin-7 mice exhibit a reduction in hippocampal spine density (Ϸ15%), which contrasts with our finding that the ablation of the KALRN gene affected neither hippocampal Rac-GTP levels nor hippocampal spine density. The up-regulation of the kalirin-9 and Data are mean Ϯ SEM
